Abstract When conducting biological investigations on shark species, capture and brief restraint procedures may be required in order to collect ecological, behavioral and physiological data. Tonic immobility is an innate, reversible, coma-like stasis displayed by a large number of taxa, including sharks, and has been used for brief restraint, but is rarely used during capture itself. Here, we present a novel, non-lethal capture method of zebra sharks, Stegostoma fasciatum, using tonic immobility, in the field. Zebra sharks were caught by free diving, and on SCUBA, inducing a state of tonic immobility by quickly applying tight-fisted manual pressure to the caudal fin, instead of the dorso-ventral inversion method. Divers were then able to collect tissue samples for genetic analysis, and in some cases, maintain the animals in a state of tonic immobility during transport up to the research vessel for additional data collection. Decreased duration of anthropogenic intervention, and minimal physical struggle associated with this capture and restraint method is expected to reduce physiological markers of distress. Tonic immobility induction and other methods of nonlethal capture deserve continued investigation.
Introduction
Over the past half century there has been a dramatic increase in worldwide catches of shark species (Baum et al. 2003; Burgess et al. 2005) . As such, management of shark populations has emerged as an important conversation priority (Godin and Worm 2010) . The relatively recent development of methodologies, such as acoustic and satellite telemetry and time depth recorders, have increased our knowledge of migration, distribution and population dynamics in shark populations (Heithaus et al. 2001; Voegeli et al. 2001; Hammerschlag et al. 2011; Dudgeon et al. 2013) . In order to implant tags to collect biological and movement data on shark populations, capture of target species is usually required. Longline and drumline capture are the most frequent methods used. However, although both techniques are potentially less stressful than some other capture methods, they may still result in captured animals struggling dramatically and thrashing violently (Brooks et al. 2012) , which can lead to potentially lethal physiological consequences (Hoffmayer and Parsons 2001; Manire et al. 2001; Skomal 2007; Mandelman and Skomal 2008) . As such, there is a need for the exploration of other non-lethal methods of capture of shark species, which cause less impact to the stress and welfare of captured animals (Barnett et al. 2010) .
When capture and restraint is undertaken on wildlife, tonic immobility is often used as a method of calming or sedating the animal. Tonic immobility is an innate, reversible, coma-like stasis displayed by a large number of wildlife taxa (Gallup 1974; Hennig et al. 1979 ; Thompson et al. 1981; Wells et al. 2005) . It is characterized by a reversible catatonic motionless posture, immobility, and an unresponsiveness to noxious or injurious stimulation. Tonic immobility causes muscle hypertonicity in terrestrial vertebrates but relaxed muscle tone and a 'limp' posture develops in fish species (Thompson et al. 1981; Whitman et al. 1986; Wells et al. 2005; Marx et al. 2008; Brooks et al. 2011) . Tonic immobility can be induced by several stimuli, but external pressure and physical restraint are the most common (Bayard 1957; Jones 1986 ).
Tonic immobility is frequently used in both wildlife research and aquarium husbandry to sedate shark species during restraint and limit injury to both the animal and personnel (Henningsen 1994; Holland et al. 1999; Brooks et al. 2011) . Tonic immobility has been found in multiple shark species but the onset and length of induction can be variable from species to species (Henningsen 1994; Brooks et al. 2011) , and not all shark species can be induced into tonic immobility (Henningsen 1994) . The function of tonic immobility in sharks is currently unknown, however, it has been reported in several shark species during courtship. As such, it may act as a mechanism to invoke female acquiesence during mating rituals (Pratt and Carrier 2001; Kunze and Simmons 2004; Brunnschweiler and Pratt Jr 2008) , as well as having a role in anti-predator responses. In those shark species that do show tonic immobility it is usually induced by rapid dorso-ventral inversion (Watsky and Gruber 1990) , but can also be induced by pumping water into the branchial chamber (Wells et al. 2005) . In zebra sharks, Stegostoma fasciatum, tonic immobility can be induced not only by dorso-ventral inversion, but also by applying pressure to the distal end of the tail (Henningsen 1994; Dudgeon et al. 2013) , and usually occurs immediately following pressure. This is used in courtship where males, after following females, bite the distal end of the tail, causing the female to be induced into a catatonic state (Kunze and Simmons 2004; Brunnschweiler and Pratt Jr 2008) (Fig. 1.) .
The zebra shark, is a medium-sized (maximum length 2.5 m) member of the order Orectolobiformes (carpet sharks) and is found throughout shallow coastal waters of the tropical and subtropical Indo-West Pacific (Last and Stevens 2009) . In order to obtain information on population genetics and movement behavior in zebra sharks along the east coast of Australia, the use of the zebra shark's natural tonic immobility reaction was used to capture individuals for acoustic tag implantation and tissue sampling. Here, a novel method of non-lethal capture for a shark species is described. This method provides a quick, efficient way of capturing zebra sharks in order to gather information on distribution, genetics, abundance and population dynamics of the species.
Materials and methods

Study site
Capture was undertaken around a rocky reef structure, known as The Group (153°32.844′E, 27°25.378'S), located approximately 500 m offshore from North Stradbroke Island, southeast Queensland, Australia. The area comprises a series of large submerged rocks separated by sand patches and lined by a sand gutter in water depths of 5-18 m. Zebra sharks form aggregations at The Group around November each year when the water temperature reaches 22°C. There is no clear end to this aggregation period with individuals still present during April and May months (Dudgeon et al. 2013) . A Fig. 1 Male zebra shark, biting tail of female during courtship, inducing tonic immobility population of around 460 individuals is thought to visit The Group seasonally (Dudgeon et al. 2008 ). The reason for these aggregations is unclear, and although precopulatory behavior has been observed at the site, no copulation events or other mating behavior has been observed (Dudgeon et al. 2008 ).
Tail grab procedure
The initial capture technique was to free-dive to sharks (either swimming in the water column, or stationary on the bottom) and grab them by the pectoral fins and wrestle them to the surface. One of the authors (RS) received advice from a local diver that this species of shark could be grabbed by the tail, upon which the animal would remain still and could be easily pulled to the surface. The tail-grab technique had three principal advantages: (i) an assumption of less stress on the animal, (ii) less stress on the capturer, and (iii) the ability to use the technique while on SCUBA allowing divers to work on the animal in situ.
Zebra shark captures were undertaken in calm conditions, wind speed of <15 knots, with swell less than 2 m. The best location to induce tonic immobility in the zebra shark is the distal end of the caudal fin (see Figs. 1 and 2). Firm pressure, by grabbing the end of the tail and making a tight fist is required. Immobility is induced almost immediately after pressure is applied to the tail, the animal relaxes and may remain in position or rotate dorsoventrally (see Figs. 1 and 2). Pressure should be maintained on this point to keep the animal in tonic immobility. Individual sharks may suffer damage to the tail, as it is likely to be the focus of predation attempts (Fig. 3) . However, this technique has been successful even in those animals which have suffered damage to the caudal fin.
Captures of zebra sharks by free diving typically took less than 5 min, from locating a zebra shark, to capture, to procedures on, or alongside, the vessel. Teams of two people snorkelled around the group, searching for resting or moving individuals. After locating a zebra shark, one of the team would free dive to the resting or swimming shark and grab the distal end of the tail to induce tonic immobility. The shark was then towed to the surface by the free diver. At the surface, the second team member would assist by hugging the shark around its pectoral fins, with the first team member still applying pressure to continue to induce tonic immobility. Individuals with significant diving and snorkelling experience were used in capture teams. When training new individuals in this technique, the new team member would first observe captures from the vessel. All new team members would have to show proficient swimming ability to be trained in the capture technique. When the technique was understood, the new member would initially be the 'second' team member, before graduating to diving for a shark.
Zebra sharks at depths deemed too deep (>12 m) for free diving were captured by SCUBA. Capture times on SCUBA were longer than free diving, but were typically less than ten minutes long. A team of two divers would approach a resting or swimming shark from behind. One diver would grab the distal end of the tail to induce tonic immobility (Fig. 2) , the individual then placed in a large diving bag and an appropriate ascent, with rest stop, was Fig. 2 Example of tail-grab technique on SCUBA inducing tonic immobility in a zebra shark Fig. 3 Example of tail damage, possibly from predation, on an adult zebra shark made. Only experienced SCUBA divers were used during this capture technique. This tail-grab technique was also used to obtain tissue samples from the zebra sharks for genetic studies. This was either taken on board during tagging implantation procedures, or as a separate process on SCUBA. Tissue sampling on SCUBA typically took no more than 90 s. Resting or swimming sharks that were not brought to the surface for tag implantation were restrained by tail-grabbing by the SCUBA diver while a small tissue sample was removed at the tail end by using a cattle ear notcher (for methodology see Dudgeon et al. 2009 ).
Restraint and release
Tonic immobility often ceased when the shark reached the surface and the animal would start to struggle and fight. The second team member would control any struggling by holding the shark around the pectoral fins. In some cases a third person was needed to help guide the individual and the divers to the vessel. The research vessel was not anchored during the capture procedures as currents and waves could pose significant difficulties for the capture team transporting the shark on the surface. Instead, one person would act as a surface spotter in the water and signal the vessel when the shark had been captured. The vessel would then be positioned down current within 20 m of the capture team and motors placed into neutral, to reduce surface distance and swimming against current.
Sharks were manoeuvred to the vessel for tag implantation and biological measurements (for methodology see Barnett et al. 2011 ). These were undertaken either in a stretcher by the side of the vessel, or on deck. Pressure on the distal end of the tail was maintained throughout all capture and handling procedures to attempt to keep the animal in tonic immobility for as long as possible. If procedures were undertaken on a stretcher, a Velcro strap and line was attached to upper part of the tail and fixed to the vessel. Alternatively, sharks were inverted dorso-ventrally on the vessel deck to induce tonic immobility, as well as pressure applied to the caudal fin. Animals tended to remain in tonic immobility throughout this process, with rare bouts of struggling, lasting no more than ten seconds, occuring. During these bouts, the animal was restrained and tagging procedures temporarily halted until the animal relaxed once more. Zebra sharks are active buccal pumpers, and, as such, when tag implantation and biological measurements were undertaken on the stretcher by the side of the vessel, no buccal pump was used. The animal was kept submerged and facing into the current. However, if procedures were carried out on deck, a specialized buccal pump (a modified bilge pump) was used at all times to facilitate sea water moving over the gills and the animal's head and eyes were covered with a towel soaked in sea water. While tag implantation and biological measurements were taken, one person would monitor the individual for any signs of stress (restlessness, reddening of the skin), and, if on deck, kept the animal cool by slowly pouring buckets of sea water over the shark. When procedures were finished, the shark was re-righted, and held in the water for 30 s before release. One person snorkelled after the released shark to observe any potential signs of injury or distress.
Results
Between 2004 and 2013, 30 individuals were implanted with acoustic tags and 119 captured for genetic sampling. Of these 30 captures for tag implantation 26 have been detected between 219 and 2618 days post-release by the fixed underwater array system, and/or by photo identification [see Dudgeon et al. (2008 Dudgeon et al. ( , 2013 , unpublished data]. The duration of tonic immobility onset in this species was tested on three animals, which were tail grabbed and maintained in position for ten minutes while the capture team were on SCUBA. For sampling purposes animals were not held in immobility for any longer than needed to obtain tissue samples underwater or bring them to the surface for tagging. Total capture times were short, (< 5 min from capture to tag procedures being initiated when free diving, < 10 min on SCUBA, < 1 min when just genetically sampling an individual). Free diving captures and restraints were generally shorter than SCUBA, but mainly due to the time needed for ascension while on SCUBA.
All animals captured exceeded maturation size, and it is unknown whether this technique works on juvenile animals. Interestingly, both sexes were able to be induced into tonic immobility with this method with no obvious differentiation in reaction between the sexes. More females have been captured than males (e.g., for acoustic tag implantation 21 sharks were female and nine were male), but this is likely due to a higher proportion of females present at the research site.
Individuals showed no signs of obvious stress or injury to capture procedures, swimming quickly and strongly following release. However, one individual animal took 10 min after release to swim away from the side of the vessel.
Not every capture attempt by tail grab was successful and further investigation of the success rate with this method is warranted. However, we can report the success would be above 90% (pers. comm. RS). No injuries occurred to any of the capture team members during the application of this technique.
Discussion
This investigation shows that a novel capture technique, using a natural tonic immobility reaction, can be used for successfully capturing zebra sharks, of both sexes, for tagging studies and biological investigations, with minimal negative impact to the animal. There can be significant variation between species in methods for the induction of tonic immobility (Bayard 1957; Gallup 1977) , and to our knowledge no other shark species has been induced with this tail-grab technique. 149 individuals have been caught for both tag implantation and genetic sampling procedures, with no known causes of injury to either the target animal or personnel undertaking the capture procedure. Of the 30 sharks captured for acoustic tag implementation, 26 have been detected between 219 and 2618 days post-release by the fixed underwater array system, and/or by photo identification [see Dudgeon et al. (2008 Dudgeon et al. ( , 2013 unpublished data]. Four sharks were not recorded subsequently on fixed array stations or by photo identification. Following capture and surgery, the sharks were monitored and usually swam off quickly for a several seconds to a few minutes and then resumed normal swimming speed or resting behavior. It is not possible to determine why these four animals have not been detected, and any potential impact of the capture method. Other potential impacts include stress response to the tagging procedure, tag failure, external tag migration, tag fouling, failure of animals to swim near fixed arrays, as well as mortality due to predation or other causes.
This technique is most likely only suitable for benthic species. In addition, to reduce risk to the capturer, it's probably only suitable for non-aggressive species. However, it is currently unknown under what conditions this technique could be used to immobilise other species, either as a technique on its own or part of another capture methodology i.e., on species caught by net or by baited hook. The factors that may influence tonic immobility in zebra sharks were not tested for. However, given that tonic immobility seems to be associated with mating (i.e., male restraining female) in zebra sharks, and that tonic immobility invariably broke down within a few metres of the surface, there may be a both a hormonal and a pressure influence to this response. There appear to be two conditions that may reduce success of this technique -(i) a tail-grab of animals swimming in the water column compared with animals lying stationary on the bottom, and (ii) a slow grab of the tail compared with a quick and firm grab. With regard to the latter we assume that a prolonged touch of the tail prior to a grab is less effective than a quick grab. Although further investigation on the conditions that lead to success is warranted, nonetheless we feel that the information presented here is a valuable contribution and start.
This method is most advantageous due to its speed and limited-invasiveness to the animal. Longlines may be set between three and eight hours (Weng and Block 2004; Barnett et al. 2010; Brooks et al. 2012 ) and drumlines around one hour (Hammerschlag et al. 2012) . This is considerably longer than the technique described here (between 60 s and ten minutes depending on sampling method). In addition, since no line or hooks are used in this technique, likelihood of injuries such as blood loss or entanglement are minimized. Potential issues with longline capture include hooking injuries from piercing or swallowing, as well as potential infection from opportunistic pathogens in subsequent wounds (Smith 1992) . A lasso technique, where a heavy-duty rope is used to place a noose over an individual sharks caudal fin to capture an animal (Fitzpatrick et al. 2011; Otway 2015) , has been used previously in order to avoid hooks and lines. However, this does not induce tonic immobility in the captured animal. Individuals will still thrash and struggle for significant periods as they are reeled in, leading to hyperactivity and exhaustive anaerobic exercise and potentially threatening conditions, such as capture myopathy (Hoffmayer and Parsons 2001; Manire et al. 2001; Skomal 2007; Mandelman and Skomal 2008) .
However, the efficacy of this technique is reliant on the speed of procedure being undertaken on the animal, as it has been reported that tonic immbolity can be an inherently stressful experience, and one that increases with time (Brooks et al. 2011 ). In addition, very little is known of the physiology of tonic immobility in sharks. It is not currently known whether they feel pain or whether stress is actually reduced during tonic immobility. Minimizing impact is important not only for the welfare of an individual, but also to minimize the chances that research methods may affect an animal's behavior, which can influence the results of the research (Powell and Proulx 2003; Williamson et al. 2016) . Further investigation therefore is needed in order to assess whether the use of tonic immobility is better for the stress and welfare of captured sharks opposed to other techniques. For example, examining secondary metabolites from blood samples from sharks caught using different techniques, as per Awruch et al. (2011) .
To date no injury to personnel has been associated with this technique, however there are inherent risks with both free diving and SCUBA, such as hypoxia, pulmonary oedema, and 'shallow water blackout' (Bayne and Wurzbacher 1982; Strong et al. 1986; Wilks 2000; Lindholm and Lundgren 2009) . Only experienced divers are used during capture efforts and snorkelers monitor from the surface during capture attempts. SCUBA is used when capture is undertaken in deeper waters. Despite inherent risks, as long as current protocols are adhered too, it is unlikely that this method is unsafe for any personnel undertaking it. However, this capture technique is only viable in areas where free-diving and SCUBA can be undertaken safely i.e., in coastal areas that are not effected by bad weather conditions (e.g., high winds, large swell), low in-water visibility and/or other inherent dangers that reduce underwater access.
The function of tonic immobility in zebra sharks has not been investigated. As biting of the tail and tonic immobility have been seen during mating rituals by z e b r a s h a r k s ( K u n z e a n d S i m m o n s 2 0 0 4 ; Brunnschweiler and Pratt Jr 2008) , tonic immobility may play a function in mating strategies. However, as it can be induced in both males and females, this also suggests an additional function, possibly anti-predatory. Zebra sharks are unique amongst shark species for having a very long, single-lobed caudal fin. The tail is a likely focus of predation attempts on marine species (Long and Jones 1996; Naessig and Lanyon 2004) . Therefore, although the function for this long caudal fin is unknown, due to its length, it does pose a likely place for predation attempts. If, like in other taxa, tonic immobility functions as an anti-predator device, then pressure to the distal end of their long caudal fin would be an obvious place in zebra sharks for induction, as it may be the most likely place for predator attack (Fig. 3) .
In conclusion, a non-lethal method for the capture of zebra sharks by inducing a tonic immobility response has been developed. However, its function in zebra sharks is unknown and there have been no other reports of tonic immobility being induced in this manner in other shark species. Induction of tonic immobility by applying pressure to the distal end of the tail may be unique to zebra sharks. This technique provides a viable alternative to other capture methods, such as longline and drumline, but relies on experienced divers and good environmental conditions. Due to the minimal capture time and lack of lines and hooks with this technique, the welfare and stress of individuals captured with this method should be lower than other current non-lethal methods of shark capture. As such, this method should be the preferred option when undertaking investigations on zebra sharks that require capture. However, examination of stress responses are required before it can be confidently used as a less-stressful alternative to other capture techniques. Due to the necessity of capture for biological investigations into shark species, further methods of non-lethal capture to shark should continue to be investigated and developed.
